Abstract: This paper presents a 39 GHz broadband high-isolation mixer for 5G applications in 65 nm CMOS process. By adopting a common-gate (CG) gm stage with magnetic coupling, the mixer obtains a wide RF bandwidth without extra input matching components, which is benefit for system-level design. Meanwhile, it can improve gain and noise performance. Besides, a fully symmetrical design method is employed to keep a minimum LO leakage. According to experimental results, the mixer operates from 27.6 to 57.8 GHz and achieves a gain of 7.3 dB under LO power of 0 dBm. The LO-RF and LO-IF isolations are 59.5 and 57 dB, respectively.
Introduction
With the establishment of 28 GHz-and 39 GHz-bands as the main candidates for the next 5G wireless standard by the Federal Communications Commission (FCC), more and more relevant efforts have been reported, mainly focusing on the multichannel phased array and MIMO [1] - [3] . In these systems, the mixer is a key module to perform frequency translation from RF to IF. It requires wide bandwidth and low LO leakage to ensure the performance of the overall system.
In general, the traditional Gilbert mixer featuring a high conversion gain and an excellent port-to-port isolation has been widely used in CMOS circuits. It often adopts common-source (CS) transistors as the input gm stage [4] . However, due to the unmatched imaginary part of input impedance, the CS topology suffers from a limited bandwidth with poor noise performance, and needs extra components to construct an input matching network at cost of additional insertion loss and large chip area [5] . Besides, for the mm-wave mixer, the LO leakage is another issue due to the increased mismatch. It mainly derived from two aspects: 1) transistors with a minimum channel-length for fast speed causes more adverse impact on device mismatch; 2) asymmetrical interconnect, particularly the LO paths around the switching stage, introduces serious wiring mismatch. Accordingly, a symmetrical layout is critical to reduce the mismatch and avoid the unwanted coupling between LO and RF ports.
In this paper, a 39 GHz broadband and high-isolation CMOS mixer for 5G applications is presented. The mixer utilizing a modified magnetic-coupling CG gm stage not only provides a convenient implementation of the broadband input matching, but also improves the gain and noise performance. In addition, by using a fully symmetrical design in whole circuit, especially the switching stage, the LO leakage of the mixer at mm-wave can be effectively improved.
Circuit design and analysis
A. Analysis of magnetic-coupling CG topology Fig. 1(a) shows the schematic of the proposed mixer, which employs a CG gm stage for wideband input matching and convenient system design without extra matching components. However, a simple CG topology often leads to a relatively low gain because its transconductance gm of the transistor directly determines the input impedance, where 1/gm should be equal to 50 Ω. Thus, it needs additional gain enhancement. Fig. 1(b) shows the corresponding implementation of the proposed magnetic-coupling network. It consists of a differential inductor Ls and two standard inductors Lp1 and Lp2. To obtain an improved chip area-efficiency with a high quality factor Q, the coils are stacked but staggered as two embedded symmetric loops by top and sub-top metals, thus the whole structure seems just like a simple transformer. In such a transformer, Ls provides a high impedance for avoiding the RF input leakage to the ground. Lp1 and Lp2 act as the peaking inductor residing in series between the gm stage and switching stage to resonate out the parasitic capacitance Cp, which will degrade the gain and contribute a considerable noise at mm-wave [6] . Meanwhile, Lp (Lp1 and Lp2) forms a drain-to-source positive feedback with Ls. When a current iin is added at the input node, Lp senses the output current iout and produces a current iloop to the input through Ls. The iloop has a same phase with iin and thus making the current gain (from the source to load) larger than one. Fig. 2 shows the small-signal equivalent circuit for half of the CG gm stage with magnetic coupling. Assuming the channel resistance rds of the MOS transistor tends to infinity, the input impedance is thus given by 
where M is the mutual inductance. If the input impedance is matched, that is Zin = Rs, obtaining
Note that this gm is larger than that of the simple CG topology due to this magnetic-coupling network. The coupling coefficient k of 0.5 is optimized for a compromise between gain and system stability.
B. Symmetrical design methodology
A high LO-RF isolation is critical for mixer design as the undesirable LO leakage may desensitize other receivers operating just in this LO band or at least create substantial nonlinearity for the following stages [7] . Any mismatch (devices or interconnects) in the switching stage will potentially couple the LO leakage to the RF port. As the operation frequency increases to mm-wave, the coupling between LO and RF ports becomes serious owning to the drain-to-source capacitance (Cds) of the gm-stage transistors, as shown in Fig. 3(a) . ΔC represents the mismatch introduced by manufacturing. Thus, a symmetrical design in the mixer, especially the layout of the switching stage, is significant to improve LO-RF isolation. Fig. 3(b) shows the optimum symmetrical layout of the switching stage. Several details can be noted to minimize the LO-RF coupling: (1) the propagation attenuation of LO leakage to the RF port can be increased by avoiding a relatively close distance between the gm stage and the switching stage. Here, inserting the transformer network between the two stages is for this purpose; (2) the transistors M3-M6 are arranged to have a balanced input of the differential LOs. At the same time, the surrounding interconnects are distributed equally to their gates; (3) careful consideration in the selection of metal layers for wiring. Note that Metal8-Metal9 are used to connect the gm stage to the sources of transistors while Metal4-Metal6 are used to connect the gates to the LO input. In this way, the coupling from metal wiring can be minimized. Considering the practical application, the TIA buffer is also included at the IF output to enhance the drive capability. Under a 1-V supply voltage, the total power consumption is 19 mW. Fig. 5(a) shows the measured conversion gain versus LO power, where the RF input is 38.5 GHz and LO is 27 GHz. The LO power of 0 dBm is selected for presenting measured data. The NF is measured around the frequency of interest (determined by the 39 GHz system) as shown in Fig. 5(b) . The SSB NF is less than 11 dB from 37.5 GHz to 40.5 GHz. Fig. 6(a) shows the measured conversion gain versus RF frequency with a fixed IF at 11.5 GHz, exhibiting a broadband performance at RF port. Meanwhile, when the LO is fixed at 27 GHz and sliding the IF frequency, the mixer achieves an IF range from 10.3 to 13.6 GHz with a peak gain of 7.3 dB, as shown in Fig. 6(b) . Fig. 7(a) compares the simulated and measured return loss at RF and LO ports. The large signal performance is showed in Fig. 7(b) . When the RF frequency is 38.5 GHz, the mixer achieves an input P1dB of -5.9 dBm with a corresponding output power of 0.4 dBm. Besides, the isolation is verified by adding a signal at LO port and detecting the leakage signal at the RF and IF ports. Due to the fully symmetrical design, the port-to-port isolations (LO-RF, LO-IF) are 59.5 and 57 dB, respectively. Table I summarizes the performance of this mixer and compares it with other state-of-art works.
Conclusion
A 39 GHz broadband high-isolation mixer for 5G applications is presented and fabricated in 65-nm CMOS process. By using a magnetic-coupling CG gm stage with a fully symmetrical design, the circuit realizes a wide RF bandwidth more than 30 GHz and an excellent LO-RF isolation of 59.5 dB. Meanwhile, it achieves a conversion gain of 7.3 dB with a LO power of 0 dBm, a NF of 10.8 dB and an IP1dB of -5.9 dBm. Compared with other reported works, this mixer achieves a superior performance, which can be well applied in 5G systems. 
